Abstract We prospectively evaluated the efficacy and safety of imatinib plus hydroxyurea in patients with progressive/recurrent meningioma. A total of 21 patients with progressive/recurrent meningioma were enrolled in this dual center, single-arm, phase II trial. All patients received 500 mg of hydroxyurea twice a day. Imatinib was administered at 400 mg/day for patients not on CYP3A enzyme inducing anti-epileptic drugs (EIAEDs) and at 500 mg twice a day for patients on EIAEDs. The primary endpoint was progression-free survival at 6 months (PFS-6) and secondary endpoints were safety, radiographic response rate, and overall survival (OS). Best radiographic response was stable disease and was observed in 14 patients (67%). PFS-6 for all patients, those with grade I tumors (n = 8) and those with grade II or III tumors (n = 13) was 61.9, 87.5 and 46.2%, respectively. Patients with grade II or III tumors had poorer PFS and OS than those with grade I tumors, (P = 0.025 and P = 0.018) respectively. The only grade 3 or greater adverse event occurring in C10% of patients was anemia (10%). Imatinib plus hydroxyurea is well tolerated among patients with meningioma but has modest anti-tumor activity for this indication.
Introduction
Meningiomas, account for 34% of primary brain tumors and are estimated to occur with a frequency of 12.8/1,00,000 [1] . Meningiomas are classified by histopathologic grade into three main subtypes [2] . The majority of meningiomas are benign (World Health Organization [WHO] grade I). This subtype typically grows indolently and is often effectively treated with surgery. However, a subset of grade I meningiomas can transform to high-grade upon recurrence [3] . High-grade subtypes are either atypical (WHO grade II) or anaplastic (WHO grade III). In addition, the 2007 WHO Classification of central nervous system (CNS) tumors specifies that any grade I meningioma exhibiting brain invasion should be reclassified as grade II due to recurrence and mortality rates that are similar to those of atypical meningiomas [4] . Taking this into account, 20-30% of meningiomas are now classified as grade II [5, 6] , while grade III lesions are rare and account for only 1-2% of all meningiomas [7] . High-grade meningiomas frequently recur despite surgery and radiotherapy and are therefore associated with poor overall survival (OS) [8] .
Effective therapies for meningiomas that recur after radiotherapy have not been well identified. Protracted daily temozolomide was inactive in a small series of recurrent patients after surgery and radiotherapy [9] . Other small single-arm series have reported low rates of radiographic response and variable progression-free survival (PFS) among recurrent/progressive patients treated with systemic cytotoxic and hormonal agents including irinotecan [10] , octreotide acetate [11, 12] , interferon-a [13] , mifepristone [14, 15] and an epidermal growth factor receptor inhibitor [16] . Hydroxyurea, an oral ribonucleoside reductase inhibitor, has been evaluated in several small series and has demonstrated radiographic response rates of approximately 6% and median times to progression of 44-176 weeks [17] [18] [19] [20] [21] [22] [23] [24] .
An attractive alternative therapeutic approach is the inhibition of key mediators of dysregulated cell signaling that underlie meningioma cell proliferation, survival, invasion and angiogenesis [2, 25] . Meningiomas frequently express platelet derived growth factor receptor (PDGFR)-a and PDGFR-b, independent of histologic grade, while a percentage of meningiomas also express platelet derived growth factor (PDGF), suggesting possible autocrine or paracrine loops of signaling [26] [27] [28] [29] [30] [31] [32] [33] [34] . PDGFR activation has been linked with aberrant cell signaling through either the phosphatidylinositol-3-kinase (PI3K) AKT or rasmitogen activated protein kinase (ras-MAPK) pathways [35, 36] . We conducted this phase II study to evaluate the anti-tumor activity of imatinib mesylate (Gleevec; Novartis Pharmaceuticals, East Hanover, New Jersey), an oral inhibitor of PDGFR-a and PDGFR-b, as well as other kinases including Bcr-Abl, c-KIT and c-Fms in combination with hydroxyurea. At the time this study was designed and implemented, no data regarding the anti-tumor activity of imatinib or other molecular targeted therapies had been described for patients with recurrent/progressive meningioma. Our results demonstrate that imatinib plus hydroxyurea is well tolerated, but is associated with minimal antitumor activity.
Patients and methods

Study design and treatment
We conducted an open-label, dual center, single-arm, phase II trial of continuous daily imatinib and hydroxyurea for patients with recurrent/progressive meningioma. The primary end point was progression-free survival at 6 months (PFS-6) while secondary end points were OS, PFS, objective radiographic response rate and safety. The dose of imatinib differed to account for the effect of CYP3A-inducing anti-epileptic drugs (EIAEDs) on imatinib metabolism [37, 38] : patients not on EIAEDs received 400 mg once a day, while those on EIAEDs received 500 mg twice a day. All patients received 500 mg of hydroxyurea twice a day. Medically appropriate efforts were used to maintain study-specific EIAED exposure for all patients, however, imatinib dosing was changed in accordance with treatment parameters outlined above for patients who required a change in EIAED use.
Patients were assessed every 8 weeks and remained on study unless they withdrew consent, developed tumor progression or unacceptable toxicity.
Patient eligibility
Adult patients (C18 years of age) were required to have histologically confirmed meningioma that was radiographically progressive or recurrent after prior surgical resection. Measurable disease was required for all patients. Satisfactory hematologic (hemoglobin C10 g/dL, absolute neutrophil count (ANC) [1,500 cells/L, platelets [1,00,0 00 cells/L), biochemical (serum creatinine \1.5 mg/dL, BUN \25 mg/dL; AST and bilirubin \1.59 upper limit of normal) and performance status (Karnofsky C60%) parameters were also required. Patients were required to be at least 2 weeks from prior surgery and at least 4 weeks from prior radiation or chemotherapy. All patients provided informed consent.
Key exclusion criteria included: prior imatinib or PDGFR-directed therapy; prior progressive disease or C3 toxicity to hydroxyurea treatment; grade C2 peripheral edema; pulmonary, pericardial or peritoneal effusions of any grade; patients with an excessive risk of an intracranial hemorrhage, or who had evidence of hemorrhage on pretreatment MRI unless it was stable and grade 1; and concurrent warfarin administration. There was no limit on the number of prior therapies or episodes of progressive disease.
Assessments
Disease status was assessed using the Macdonald criteria [39] , that incorporated neurologic, corticosteroid and radiologic changes.
Safety assessments included weekly complete blood counts and monthly chemistry profiles. Adverse events were classified according to the Common Terminology Criteria for Adverse Events (CTCAE), version 3.0.
Treatment modifications
Initiation of each 28-day treatment cycle required an ANC C 1,000/mm 3 , a platelet count of C1,00,000/mm 3 , SGOT B 2.5 times the upper institutional norm, and a creatinine B1.5 times the upper institutional normal. Dose modifications were implemented for unacceptable toxicity defined as grade 4 neutropenia, grade C3 thrombocytopenia, grade C3 non-hematologic toxicity not attributable to underlying disease, concurrent medication or co-morbid event, or any toxicity requiring [2 weeks to resolve to grade 1 or retreatment criteria. Hydroxyurea was decreased to 500 mg once a day for the first episode of unacceptable hematologic toxicity. Thereafter, additional episodes of unacceptable hematologic toxicity were treated with a decrease in imatinib by 100 mg/day for patients not on EIAEDs and 200 mg/day for patients on EIAEDs. For other unacceptable toxicities, the hydroxyurea dose was decreased by 250 mg/day and the dose of imatinib was decreased by 100 mg/day for patients not on EIAEDs and 200 mg/day for patients on EIAEDs.
Statistical considerations
The primary endpoint of the current study was PFS-6. Secondary endpoints included time to progression, OS, objective response rate as well as safety and tolerability. Given the lack of an established treatment option for patients with recurrent/progressive meningioma, sample size calculations were empirically set. Specifically, the null hypothesis indicated that PFS-6 is B15%. In order to justify further evaluation of the study regimen, we specified that imatinib plus hydroxyurea would need to increase PFS-6 to C40%. A two-stage design with 21 patients (10 patients in first-stage and 11 patients in second stage) was chosen to allow 88% power to differentiate between PFS-6 rates of 15 and 40% with a type I error rate of 7.7%. Accrual was to be discontinued after 10 patients if fewer than two of these patients remained progression-free at 6 months. If 6 or more of the 21 patients were progressionfree at 6 months, the treatment regimen would be considered worthy of further scientific investigation.
''Stopping rules'' for toxicity were incorporated for this study. Specifically, if at any point, 4 or more patients were observed to experience unacceptable toxicity as defined above, further accrual would be suspended. PFS and OS were measured from the cycle 1 start date and summarized using Kaplan-Meier estimator including 95% CIs. A logrank test was used to test for survival differences between patients with grade I tumors and those with grade II or III tumors.
Results
Patient characteristics
Twenty-one patients were enrolled between August 2005 and September 2008. Characteristics of patients at enrollment are summarized in Table 1 . Twelve patients were female (57%) and the median age was 51.0 years (range 28.0-85.3 years). Nine patients (43%) had a KPS 90-100. Eight patients (38%) had grade I meningioma while 9 (43%) and 4 (19%) had grade II and III meningiomas, respectively. Eight patients (38%) had only 1 lesion while 6 patients (29%) had four or more lesions at study enrollment. Only one patient (10%) had neurofibromatosis (type 2). Seven patients (33%) had received prior conformal radiotherapy while 7 (33%) had received prior stereotactic radiosurgery and only 2 (10%) had received prior chemotherapy. Only three patients (14%) were on EIAEDs.
Outcome Table 2 and Fig. 1 summarizes study outcome. As of April 1, 2011, median follow-up for all patients was 46.6 months (95% CI 33.5, 57.8) and all patients have discontinued study therapy. Eight patients (38%) elected to discontinue study therapy with stable disease after 1-23 cycles of therapy, while 13 patients (62%) came off study due to progressive disease. No patients discontinued study therapy due to toxicity.
Median PFS and PFS-6 for all patients were 7.0 months (95% CI 3.8, 9.2) and 61.9% (95% CI 38.1, 78.8). Median OS was 66.0 months (95% CI 20.7, 66.0). Best radiographic response was stable disease and none of the patients achieved a radiographic response. Patients with grade II or III tumors had poorer PFS (P = 0.025) and OS (P = 0.018) compared to patients with grade I tumors.
Toxicity
One-hundred and fifty-eight cycles of therapy were administered. The adverse events seen in the study were as expected for this population and these agents. They were mostly mild and transient and gave no indication of target organ toxicity. Table 3 summarizes grade C2 adverse events felt to be at least possibly attributable to the study regimen. Of note, the frequency and severity of adverse events did not differ between patients on and not on EIAEDs. Most adverse events were grade 2. The sole grade 4 event was reversible neutropenia which developed in a heavily pretreated patient. Among grade 3 events, two patients developed grade 3 anemia, while single patients experienced edema, fatigue, and hypoalbuminemia. There were no grade 5 attributable adverse events. Only one patient required dose modification and none of the patients discontinued therapy due to toxicity.
Discussion
Treatment of patients with recurrent/progressive meningioma, particularly after surgical and radiotherapy options are depleted, remains an unanswered challenge. Most series evaluating systemic therapies such as chemotherapy or hormonal agents demonstrate poor activity although are limited by small sample size and/or retrospective design. Hydroxyurea, a ribonucleoside diphosphate reductase inhibitor, exerts a cell-cycle specific effect during the S-phase of mitosis, thereby blocking DNA synthesis. Radiographic responses, initially reported in two of four patients treated with hydroxyurea monotherapy [23] , have proven to be rare in subsequent series. In addition, subsequent studies document that hydroxyurea is associated with variable durability of stable disease in a subset of patients [17] [18] [19] [20] [21] [22] [23] [24] . Although, these series report prolonged disease stabilization in some patients, the significance of this finding requires cautious assessment given the slow growth rate of many meningiomas, particularly the benign subtype. In addition, in a recent retrospective review of 60 patients with recurrent meningioma following surgery and radiotherapy, 35% of patients treated with hydroxyurea achieved stable disease, however, the median duration was only 4 months and none of the patients achieved a radiographic response [40] .
At the time this study was designed and implemented, combination trials with hydroxyurea for recurrent/progressive meningioma patients had not been reported. We therefore developed the current clinical trial to evaluate hydroxyurea combined with imatinib mesylate. The primary rationale for adding imatinib in this study is based on its inhibitory capacity against PDGFR. Meningiomas frequently express PDGFR while some tumors also express PDGF implicating a potential autocrine and/or paracrine loop of dysregulated signaling via the PI3/AKT and ras/ MAPK growth/survival pathways [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . Despite its ability to inhibit PDGFR, a recent study demonstrated negligible activity of imatinib among a series of 23 heavily pretreated patients with recurrent/progressive meningioma [41] . Among five patients with adequate archival tumor material available for immunohistochemistry in this study, all of the tumors demonstrated expression of both PDGFR-a and PDGFR-b in [90% of tumor cells. Nonetheless, no radiographic responses to imatinib monotherapy were observed and PFS-6 was only 29.4%. For the current study, we hypothesized that the addition of hydroxyurea as a cytotoxic agent to imatinib may result in additive if not synergistic anti-tumor activity, with modest toxicity due to the overall good tolerance of each agent.
Indeed our study findings confirm that the combination of imatinib and hydroxyurea is well tolerated among recurrent/progressive meningioma patients. Most adverse events were limited to grade 2, and none of the patients discontinued study therapy due to toxicity. However, overall activity of this regimen was modest at best. Specifically, we failed to observe any radiographic responses and prolonged stable disease was primarily limited to patients with grade I lesions. PFS and OS were significantly better among patients with grade I tumors compared to those with grade II or III tumors. However, given the inherent slow growth of these tumors in general, durable stable disease must be interpreted cautiously particularly for benign meningioma patients. Four out of thirteen patients with grade II/III meningiomas (31%) achieved stable disease for at least 6 months (range 7-18 months), suggesting that this regimen may have modest benefit for some of high-grade patients. Further study of PDGFR inhibitors for grade II/III recurrent/progressive meningioma patients should be considered, particularly given the OS overall survival, PFS progression-free survival, CI confidence interval advent of more potent and specific inhibitors. A significant deficiency of this study was the lack of archival tumor analysis for PDGF/PDGFR expression. Future studies of targeted therapeutics for this challenging patient population should optimally include analysis of target expression among treated patients.
